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Abstract

Duckweed is an aquatic floating plant with the potential to be used as animal feed due to its richness
in protein, amino acids, starch, vitamin and minerals. Furthermore, duckweed has a high growth rate and
reproducibility. Therefore, this research aimed to determine the chemical composition and in vitro protein
digestibility of duckweed (Lemna, Wolffia and Spirodela) in comparison to other feed ingredients. The
chemical composition was determined through proximate analysis including dry matter (DM), crude protein
(CP), ether extract (EE), crude fiber (CF), ash and nitrogen free extract. The in vitro protein digestibility
procedure simulates conditions similar to those in the swine digestive tract using synthetic enzymes to
control pH, temperature and digestion time. In the results of chemical composition, Lemna and Wolffia
were classified as protein sources, with high CP content (221.87 and 442.65 g/kg DM, respectively) and
low CF content (63.30 and 109.11 g/kg DM), whereas Spirodela had low CP content (179.64 g/kg DM)
and CF content (170.57 g/kg DM). The EE content in duckweed amounted to 16.74, 46.23 and 52.47 g/kg
DM for Wolffia, Spirodela and Lemna, respectively. Additionally, high ash content was observed in
Spirodela (212.40 g/kg DM), Wolffia (149.34 g/kg DM) and Lemna (142.06). For standardized ileal
digestibility (SIDcp), the SIDcp of all feed ingredients were within the range of 32 to 96 %. With regard to
duckweed, Lemna (72 %) showed significantly higher (p < 0.05) SIDcp compared to Wolffia (69 %) and
Spirodela (39 %) due to the low contents of CF and ash. Based on nutritional values, Lemna and Wolffia
were grouped with corn DDGS and brewer’s grain, indicating their potential as animal feed for sustainable
livestock production.
Keywords: Chemical composition, Duckweed, Feed ingredient, /n vitro digestibility, Protein

Introduction

The world’s population is estimated to increase from 7.70 billion in 2019 to 9.70 billion in 2050,
resulting in a greater demand for animal products [1]. Feed cost is a critical factor, accounting for at least
60 % of the total production costs in poultry [2]. In animal diets, the most common protein sources include
soybean products, fishmeal, milk products and rapeseed meal [3,4]. Meanwhile, corn and broken rice are
commonly used as energy sources [5]. Due to the high price of these products, various by-products from
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agriculture and the food industry such as rice bran, palm kernel meal, coconut meal, distillers dries grains
with soluble (DDGS) and feather meal have been introduced as supplements in animal feeds to reduce feed
costs without affecting growth performance [6,7]. Furthermore, alternative feed ingredients are needed to
meet the increasing demand for sustainable animal production in the near future.

Duckweed is a tiny aquatic floating plant in the Lemnacae family [8]. There are 37 species distributed
across 5 genera: Lemna, Wolffia, Spirodela, Landoitia and Wollffiella [9]. Duckweed can grow in water
resources worldwide, except in dry and frozen area [10]. It has the potential to be utilized as a feed
ingredient due to its rapid growth, doubling in amount within only 2 to 7 days [11,12]. The chemical
composition in duckweed includes 252.00 to 365.00 g/kg dry matter (DM) for crude protein (CP), 45.00 to
66.00 g/kg DM for ether extract (EE), 88.00 to 110.00 g/kg DM for crude fiber (CF) and 40.00 to 436.00
g/kg DM for carbohydrates. Additionally, it contains high contents of essential amino acids such as lysine
(33.70 to 42.60 g/kg DM), methionine (8.30 to 10.70 g/kg DM) and threonine (25.50 to 34.50 g/kg DM)
[13,14]. Duckweed is also an abundant source of sugars, vitamins and minerals [15] as well as pigments
such as beta-carotene and xanthophyll, which can be supplemented in the diets of poultry and aquatic
animals [16]. In a recent report by Demann ef al. [17], it was found that the in vitro digestibility of Lemna
and Spirodela in ranged from 61.90 to 78.60 %, and Lemna obscura can be supplemented in broiler chicken
diets up to 25 % due to its high amino acid content and high standardize ileal digestibility (SID) of amino
acids. Furthermore, duckweed can replace up to 20 % of soybean meal in laying hen diets, leading to an
increase in yolk color score without a negative effect on egg quality [18]. Similarly, replacing sesame oil
cake with 6 % duckweed in broiler chicken diets has been shown to improve body weight, feed intake and
feed conversion ratio [19]. For pigs, the use of duckweed at levels of 40 or 60 % in nursery pig diets can
improve palatability, feed intake and average daily gains, which are higher than those in nursery pigs fed
soybean meal as the only source of protein [20]. Besides, the SID of amino acids of Lemna protein
concentration in nursery pigs was comparable to that of fish meal [21]. This information indicates that
duckweed can be used as a valuable protein source in diets for livestock production.

In feed formulation, in vitro digestibility assays have been developed to estimate digestibility of CP
and amino acids (AA) in feed ingredients for monogastric animals [22-24]. The 2-step method using pepsin
and pancreatic enzymes is generally used to simulate the digestive processes in the stomach and small
intestine [22], and there were strong linear relationships between in vitro and in vivo digestibility in the
assay feed ingredients [24]. This technique is an alternative to in vivo digestibility due to its cost-effective
and less time-consuming [25]. Therefore, the objective of this research is to determine the chemical

composition and in vitro protein digestibility of duckweeds in comparison to other feed ingredients.

Materials and methods

Duckweed management and collection

Three duckweed genera, including Lemna, Wolffia and Spirodela, were obtained from the Advance
Greenfarm Co., Ltd. (Nakhon Pathom, Thailand). They were cultivated in the pond with PVC-coated fabric
and supplemented with fertilizers. The duckweed was harvested every 3 or 4 days using a nylon net, and
then sun-dried for 2 or 3 days (approximately 6 to 8 % moisture). The dried duckweed was stored at room
temperature until chemical analysis.

Sample preparation and chemical composition
Duckweed, including Lemna, Wolffia and Spirodela, was compared to other feed ingredients such as
feather meal, fishmeal, soybean meal (47 % CP), soybean meal (44 % CP), rapeseed meal, full-fat soybean,

skim milk, brewer’s grain, corn DDGS, broken rice, corn, rice bran, coconut meal, palm kernel meal and
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soybean hull. The samples were ground using an Ultra centrifugal mill (CT 293, FOSS Co., Ltd., Hillerod,
Denmark) and then sieved through a 0.5 mm mesh screen for proximate analysis. The chemical composition
was analyzed according to the official standard methods [26]. The DM was determined using a hot air oven
at 100 to 105 °C for 4 to 6 h. The CP content was determined using the Kjeldahl method, and then calculated
by multiplying the nitrogen content by a factor of 6.25. The ether extract (EE) was determined using
petroleum ether, whereas crude fiber (CF) was determined according to the Van Soest method. The crude
ash was obtained by burning in a Muffle furnace at 600 °C for 6 h. The nitrogen-free extract (NFE) was
calculated as 100 minus by sum of CP, EE, CF and crude ash.

In vitro digestibility techniques

In vitro digestibility of CP was determined as described by Jezierny et al. [24]. Each sample (0.5 g)
was placed in 250 mL conical flask. Subsequently, 25 mL of a 0.1 g/mL phosphate buffer A (pH 6.0) was
added to the conical flask and mixed. Thereafter, 10 mL of a 0.2 mol/L HCI solution was added, and the
pH was adjusted to 2 using either a 5 mol/L HCI or a 5 mol/L NaOH solution to simulate conditions similar
to those in the animal’s stomach. The next step involved adding 1 mL of a freshly prepared 0.01 g/mL
pepsin solution (0.7 FIP-U/mg, EC 3.4.23.1, Merck KGaA, Darmstadt, Germany) to the conical flask and
mixing. Additionally, 0.1 mL of a chloramphenicol solution was added to prevent bacterial contamination.
The conical flask was covered with aluminum foil and placed in a shaking water bath (FWS-30, Faithful®,
Huanghua Faithful Instrument Co. Ltd., Hebei, China) set at 40 + 1 °C, and shaken continuously for 6 h.
The conical flask was taken out from the shaking water bath. Afterward, 5 mL of a 0.6 mol/L NaOH and
10 mL of a 0.2 g/mL phosphate buffer B (pH 6.8) were added to the conical flask and mixed. The pH was
adjusted to 6.8 using either a 5 mol/L HCl or a 5 mol/L NaOH to stimulate conditions similar to those in
the animal’s small intestine. To this mixture, | mL of a freshly prepared 0.05 g/mL pancreatin solution
(P1750-100G, Sigma-Aldrich®, Merck KGaA, Darmstadt, Germany) was added to the conical flask and
mixed. Thereafter, the conical flask was covered with aluminum foil and placed in a shaking water bath set
at 40 = 1 °C, and shaken continuously for 18 h. Afterward, 5 mL of a 20 % sulphosalicylic acid solution
was added, and the temperature was adjusted to 20 = 1 °C. Subsequently, each conical flask was sealed
with aluminum foil and placed in a shaking water bath set at 20 + 1 °C for 30 min. The undigested residues
were filtered into a fiber bag with a particle size 38 um (10-0127 FibreBags-ADF, C. Gerhardt GmbH &
Co. KG, Gerhardt, Germany) using a glass funnel. The undigested residue was rinsed with a 1 %
sulphosalicylic acid solution and 10 mL of 96 % ethanol, and then underwent 2 consecutive steeping in
acetone, each lasting 3 min. The undigested residues were then dried in a hot air oven at 100 to 105 °C for
4 to 6 h. Following the drying process, the nitrogen content was determined using the Kjeldahl method.

Calculations
In vitro digestibility of CP (TDcp) was calculated using the equation proposed by Jezierny et al. [24]
as follows:

CP in the sample — CP in the undigested residues

True digestibility (%) = ) 100

CP in the sample

The true digestible value of CP (dTDcp) was calculated by multiplying the CP content (g/kg DM) of
each respective feed ingredient based on the equation as follows:
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dTDcr (g/kg DM) = <o~

where DN was in vitro digested nitrogen (g/kg DM). The standardized ileal digestibility (SID) of CP
(SIDcp) was obtained by correcting for specific endogenous loss of CP (SELcp). The SELcp was calculated

using the following equation:
SELcp (g/’kg DM) = 0.066xUDM

where UDM was in vitro undigested DM (g/kg DM). The digestible SID of CP (dSIDcp) was calculated
using the following equation:

dSIDCP (g/kg DM) = CPTD — SELCP

The SIDcp was calculated using the following equation:

SIDcp (%) = (52 ¥100

Statistical analysis

The data was statistically analyzed using the ANOVA procedure of the SAS software package (SAS
Inst., Inc., Cary, NC, USA). The significant differences between treatments were set at o = 0.05 using
Duncan’s new multiple range test. The K-means clustering method was implemented using the R program
Version 4.3.1 [27] to group duckweed with all feed ingredients based on chemical composition and in vitro

protein digestibility [28].

Results and discussion

Chemical composition of duckweed and feed ingredients

The chemical composition of duckweed and other feed ingredients are shown in Table 1. Protein
sources were classified with a minimum CP of 200.00 g/kg DM and CF less than 180.00 g/kg DM, whereas
energy sources were classified with CP less than 200.00 g/kg DM and CF less than 180.00 g/kg DM [29].
With this regard, the protein sources consisted of feather meal (903.87 and 7.03 g/kg DM for CP and CF,
respectively), fishmeal (651.27 and 2.90 g/kg DM for CP and CF, respectively), soybean meal (47 % CP;
522.28 and 28.02 g/kg DM for CP and CF, respectively), soybean meal (44 % CP; 467.75 and 54.47 g/kg
DM for CP and CF, respectively), rapeseed meal (407.60 and 79.87 g/kg DM for CP and CF, respectively),
full-fat soybean (385.97 and 40.70 g/kg DM for CP and CF, respectively), skim milk (328.57 for CP and
no CF content), brewer’s grain (314.36 and 116.25 g/kg DM for CP and CF, respectively) and corn DDGS
(307.10 and 82.09 g/kg DM for CP and CF, respectively). In addition, energy sources consisted of broken
rice (95.19 and 14.22 g/kg DM for CP and CF, respectively), corn (90.02 and 17.16 g/kg DM for CP and
CF, respectively), rice bran (161.36 and 92.31 g/kg DM for CP and CF, respectively) and coconut meal
(138.52 and 178.15 g/kg DM for CP and CF, respectively). Furthermore, other groups included palm kernel
meal (168.01 and 181.18 g/kg DM for CP and CF, respectively) and soybean hull (122.94 and 449.55 g/kg
DM for CP and CF, respectively). For duckweed, CP content was higher in Wolffia (442.65 g/kg DM) than
Lemna (367.81 g/kg DM) and Spirodela (179.64 g/kg DM), whereas CF content was higher in Spirodela
(170.57 g/kg DM) than Lemna (109.11 g/kg DM) and Wolffia (63.30 g/kg DM).
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Table 1 Chemical composition of duckweed and feed ingredients (g/kg DM).

Item Dry matter Crude protein  Ether extract Crude fiber Ash NFE

Protein sources
Feather meal 931.97 £ 0.37 903.87 £2.10 83.79+3.25 7.03 +1.58 12.50 £0.67 nd
Fishmeal 931.16 + 1.42 651.27 +1.83 61.41+£0.72 290+£027 26524 +3.02 20.26 £5.12
Soybean meal 47 % CP 903.52 £5.72 52228 £1.18 23.64 £1.79 28.02 +£0.90 76.78 £ 1.64  347.92+0.27
Soybean meal 44 % CP 932.92 +0.86 467.75 £2.63 1413 £1.14 5447 +1.79 73.47+028  389.68 +6.61

Rapeseed meal 933.81 £0.72 407.60 + 0.52 14.08 +3.02 79.87£2.05 108.73 £2.26  389.12+1.86
Full-fat soybean 947.85+1.54 38597 £1.23 181.99 +£0.56 40.70 = 0.00 60.61 £3.05  330.87 £5.57
Skim milk 970.13 £ 0.69 328.57 £3.45 10.98 £ 1.05 nd 7577+1.11  611.12+£0.56
Brewer’s grain 943.47+2.54 31436 £4.33 63.64£6.11 116.25 +2.65 3790+ 1.75 467.85+5.82
Cormn DDGS 919.02 +£1.50 307.10 £0.74 102.03 £7.35 82.09 £ 1.67 5597+091  457.67+£5.03

Energy sources

Broken rice 894.42 £ 3.56 95.19+0.10 1524 £3.32 1422 £1.37 3.13+£024 872.22+2.46
Corn 899.07 £2.39 90.02 £ 0.62 56.36+2.19 17.16 £2.51 13.01+1.17  823.46+2.32
Rice bran 929.36 + 1.47 161.36 + 1.57 206.34 +3.67 92.31+£1.63 112.00+0.92  425.86 +1.57
Coconut meal 934.97 +1.95 138.52 £3.29 204.19+7.50  178.15+5.75 41.81+2.80 440.22+7.16
Others
Palm kernel meal 949.57 +£3.35 168.01 + 0.84 111.71+£1.93  181.18 £ 8.03 46.84+2.24  495.61 £6.81
Soybean hull 925.90 +1.98 122.94 +£0.67 33.84+224  449.55+5.73 4520+1.34  347.90+£6.10
Duckweed
Lemna 914.79 £ 0.79 367.81 +£3.58 5247+£280  109.11+7.18 142.06 £5.26  328.74 + 0.66
Wolffia 95321 +1.61 442.65 +1.90 16.74 £0.32 63.30+£2.82 14934 +£1.08  328.27 +5.56
Spirodela 93541+ 1.42 179.64 £ 0.15 48.23+0.88 170.57+£0.30  212.40+2.85 390.03 +1.44

nd = not detected; NFE = nitrogen free extract; Corn DDGS = corn distillers dries grains with soluble
Data are shown as the mean + standard deviation.

The EE content was higher in rice bran (206.34 g/kg DM), coconut meal (204.19 g/kg DM) and full-
fat soybean (181.99 g/kg DM) and lower in soybean meal (44 % CP; 14.13 g/kg DM), rapeseed meal (14.08
g/kg DM) and skim milk (10.98 g/kg DM). Meanwhile, EE content in duckweed was 52.47, 48.23 and
16.74 g/kg DM for Lemna, Spirodela and Wollffia, respectively. The ash content was observed higher in
fishmeal (256.24 g/kg DM) and Spirodela (212.40 g/kg DM), whereas Lemna and Wolffia contained 142.06
and 149.06 g/kg DM, respectively. Furthermore, the NFE content was higher in broken rice (872.22 g/kg
DM) and corn (823.46 g/lkg DM), while there were 328.27, 328.74 and 390.03 g/kg DM for Wolffia, Lemna
and Spirodela, respectively.

The nutritional values of all feed ingredients were within the range of tabulated values [30,31]. The
chemical composition varied depending on type of feed ingredients and processing condition [32]. The
animal products (skim milk, fishmeal and feather meal) had high CP content since protein is main
compound in body composition [29]. In contrast, plant products contain high CF content as it forms a strong
structure and is a highly variable component in plants [33]. Furthermore, the animal products were typically
classified as protein sources due to their high CP with low CF contents. For plant products, protein sources
included soybean meal (47 % CP), soybean meal (44 % CP), rapeseed meal, full-fat soybean, brewer’s
grain and corn DDGS. Furthermore, the energy sources included broken rice, corn, rice bran and coconut
meal due to their low CP and low CF contents, but high NFE (starch and sugar) or EE (fat and lipid). The
other groups included palm kernel meal and soybean hull, characterized by CF content exceeding 180.00
g/kg DM. In the case of duckweed, Wolffia and Lemna can be classified as protein sources due to their high



Trends Sci. 2024; 21(11): 8324 6 of 13

CP content (442.65 and 367.81 g/kg DM, respectively) and low CF content (63.30 and 109.11 g/kg DM,
respectively). Spirodela was categorized as an energy source, with values of 179.64 g/kg DM for CP and
170.57 g/kg DM for CF. As shown in previous research [13,17,34,35], the chemical composition of
duckweed was in a similar range, ranging from 184 to 439 g/kg DM for CP, and 122 to 250 g/kg DM for
CF. Duckweed is capable of absorbing nutrients and nitrogen from the water resources in which it grows.
However, the variation in the chemical composition and growth rate of duckweed is associated with several

factors such as species, water quality, fertilizer application and cultivation condition [14,36].

In vitro protein digestibility of duckweed and feed ingredients

The true digestibility of duckweed and other feed ingredients are shown in Figure 1. The TDcp of all
feed ingredients ranged from 62 % for corn to 96 % for skim milk, whereas for duckweed, the values were
58, 75 and 79 % for Spirodela, Wolffia and Lemna, respectively. With regard to digestible CP content, the
dTDcp of all feed ingredients ranged from 55 g/kg DM for corn to 640 g/kg DM for feather meal, whereas
for duckweed, the values were 105, 292 and 330 g/kg DM for Spirodela, Lemna and Wolffia, respectively.
The SIDcp of duckweed and other feed ingredients are shown in Figure 2. The SIDcp ranged from 32 %
for soybean hull to 96 % for skim milk, whereas for duckweed, the values were 39, 69 and 72 % for
Spirodela, Wolffia and Lemna, respectively. The dSIDcp of all feed ingredients ranged from 39 g/kg DM
for soybean hull to 614 g/kg DM for feather meal, whereas for duckweed, the values were 70, 264 and 306
g/kg DM for Spirodela, Lemna and Wolffia, respectively.

True digestibility (%)

700

640°

600

500

400

300

True digestible value (g’kg DM)

Figure 1 True digestibility (%) and true digestible value (g/kg DM) of duckweed and other feed ingredients

Mean above a bar of each sample, superscripted with different lowercase letters are significantly (p < 0.05)
different.
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100 968

Standardize ileal digestibility (%)

Standardize ileal digestible value (g/kg DM)

Figure 2 Standardize ileal digestibility (%) and standardized ileal digestible value (g/’kg DM) of duckweed
and other feed ingredients. Mean above a bar of each sample, superscripted with different lowercase letters
are significantly (p < 0.05) different.

The TDcp in soybean meal and rapeseed meal was within a range of previously published values [22],
however, there are limited published data available for other feed ingredients. As TDc¢p does not account
for the endogenous protein loss from gastrointestinal tract, which significantly influence digestibility [37],
SIDcp has been introduced to provide more accurate values derived from TDcp by correcting for the
endogenous protein loss [24,38]. The SIDcp values for all feed ingredients were consistent with values
based on in vivo digestibility [39-41]. The highest SIDcp was observed in skim milk (96 %), indicating high
protein quality. Skim milk is abundant in protein, consisting of 80 % casein and 20 % whey protein [42].
According to Mosenthin [43], diets containing casein were assumed to have 100 % ileal protein
digestibility. For other animal protein sources, the SIDcp of fishmeal (88 %) was lower than that of skim
milk. One possible explanation is that a large component of fishmeal is bone, which contains protein that
is difficult to digest, resulting in a low SIDcp[44]. Furthermore, the SIDcp of feather meal (68 %) was lower
than that of skim milk (96 %) and fishmeal (88 %), but consistent with a previous report by Sulabo et al.
[45], ranging from 57.40 to 76.30 %. The use of feather meal in diets for monogastric animals is often

limited due to the presence of keratin as the main component in feathers [32]. This protein is very rich in



Trends Sci. 2024; 21(11): 8324 8 of 13

sulphur-containing amino acids with disulfide bonds, leading to a rigid structure [46] and low ileal
digestibility of CP and amino acids, varying from 20 to 70 % [32].

With regard to plant-based ingredients, the SIDcp of soybean products (84 to 87 %) and rapeseed meal
(67 %) were lower than that of skim milk and fishmeal. As more than 80 % of plant structure consists of
cellulose and hemicellulose within a B-glycosidic linkage, this form is rigid and cannot digest by the
enzymes of monogastric animals [47]. In addition, the higher fiber leads to increased secretion of mucin,
epithelium cell and endogenous protein losses [48,49] as well as an increased passage rate and viscosity in
the gastrointestinal tract [50], resulting in low protein digestibility [51]. This is in agreement with a previous
study [52], which found that the amino acid digestibility of soybean decreased with increasing fiber content.
Furthermore, in the present study, the low SIDcp was observed in soybean hull (32 %), coconut meal (52 %)
and palm kernel meal (55 %) due to their high fiber content. Likewise, Spirodela exhibited the lowest SIDcp
(39 %), which was lower than Wolffia (67 %) and Lemna (72 %), with Spirodela having the highest fiber
(170.57 g/kg DM). Therefore, fiber content appears to be a primary factor limiting the nutrient digestibility
of plant products.

An increase in ash content could reduce protein quality by decreasing the digestibility of amino acids
[53]. Shirley and Parsons [54] indicated that the reduction in protein quality of meat and bone meal with
increasing ash content. In the present study, the lower SIDcp of fishmeal compared to skim milk was
attributed to its high ash content. Similarly, the lower SIDcp of rapeseed and rice bran than most feed
ingredients were also due to their high ash content. For duckweed, the low SIDcp of Spirodela may be
influenced by its high ash content (212.40 g/kg DM), which is higher than that of Wolffia (149.34 g/kg DM)
and Lemna (142.06 g/kg DM).

Compared with feed table [55], the dSIDcp values of soybean meal, fishmeal, corn DDGS, palm kernel
meal and full-fat soybean were higher than the tabulated values, whereas the dSIDcp values of feather meal,
skim milk and corn were lower than the tabulated values. According to Kaewtapee ef al. [56], the variations
in dSIDcp among feed ingredients are consistent with the differences in CP content and variation in SIDcp.
For duckweed, Wolffia had higher dSIDcp (306 g/kg DM) compared to Lemna (264 g/kg DM), despite
having lower SIDcp (69 %) compared to Lemna (74 %). This difference can be attributed to the higher CP
content in Wolffia (442.65 g/lkg DM) compared to Lemna (367.81 g/kg DM). Conversely, Spirodela
exhibited the lowest dSIDcp due to its low CP content and SIDcp. Likewise, Demann et al. [17] reported
that including Spirodela polyrhiza in the diet resulted in lower digestible CP compared to diets containing
Lemna obscura due to the low CP content and digestibility in Spirodela polyrhiza. Notably, the CP content
in duckweed obtained in the present study was higher than the values reported worldwide from the natural
sources, ranging from 200 to 300 g/kg DM for Wolffia [34], and from 260 to 350 g/kg DM [18,57]. The
possible explanation is that duckweed used in the present study was cultivated in a closed system with
added fertilizers, whereas the others were grown in irrigation ponds or wastewater from pig farm with fewer
nutrients. A previous study by Landolt [8] found that nitrate concentration in water resources had a
significant impact on the CP content. Similarly, Petersen et al. [58] indicated that the CP content of Lemna
minor and Wolffiella hyalina were improved due to increased ammonium concentration and a higher
ammonium to nitrate ratio. Therefore, the CP content in duckweed varied depending on the nutrient
concentration in the water resources and the cultivation conditions [59].

Hierarchical clustering of duckweed with all feed ingredients

The hierarchical clustering based on chemical composition and in vitro protein digestibility is showed
in Figure 3, with all feed ingredients divided into 5 groups. The horizontal dendrogram displayed the
distance or dissimilarity between clusters [60]. In this regard, fishmeal and feather meal were grouped
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together due to their similar NFE, dTDcp, dSIDcp, CF and EE. Similarly, skim milk, soybean products and
rapeseed were clustered in the same group owing to their similar TDcp, SIDcp, CF and ash contents.
Likewise, broken rice and corn were clustered together due to their almost similar nutritional profiles. For
duckweed, Lemna and Wolffia were classified in the same group as brewer’s grain and corn DDGS. This
grouping may be attributed to their similar TDcp, SIDcp, dTDcp, CF and EE contents. Additionally,
Spirodela was clustered with rice bran, palm kernel meal coconut meal and soybean hull due to their low
contents of CP, dTDcp and dSIDcp. The results suggested that Lemna, Wolffia and Spirodela can be
considered as alternative feed ingredients based on their nutritional profiles within the same hierarchical
clustering.

I Feather meal
PN Brewer’s grain 80

I com DDGS
Lemna

| 60
RN roifia

B skim milk
- - Soybean meal (47 % CP) 40
|

I Full-fat soybean
--- Rapeseed meal 20

-- Fishmeal I (%)

I Soybean meal (44 % CP)
[ I I Broken rice
N AN com
- -- Soybean hull 0

Spirodela

Rice bran
Palm kernel meal
I Coconut meal

>

5

DL
D
g4

v Z
S Z

Figure 3 The correlation-based hierarchical clustering between duckweed and all feed ingredients; True
digestibility of crude protein (TDcp); Standardized ileal digestibility of crude protein (SIDcp); Nitrogen free
extract (NFE); Crude protein (CP); True digestible value of crude protein (dTDcp); Standardized ileal
digestible crude protein (dSIDcp); Crude fiber (CF); Ether extract (EE).

Conclusions

Chemical composition and in vitro digestibility of duckweed varied depending on the different genera.
Wolffia had a higher CP content compared to Lemna and Spirodela, whereas Lemna and Spirodela had a
higher EE content than Wolffia. Spirodela had higher CF and ash contents, resulting in lower TDcp and
SIDcp compared to Wolffia and Lemna due to the limitation of enzymatic digestion in monogastric animals.
However, the higher CP content in Wolffia resulted in greater dTDcp and dSIDcp when compared to
corresponding values in Lemna and Spirodela. Based on nutritional values, Lemna and Wolffia were
grouped with corn DDGS and brewer’s grain, whereas Spirodela was grouped with soybean hull, rice bran,
palm kernel meal and coconut meal. The results indicated that duckweed can be considered as a suitable
alternative feed ingredients for sustainable livestock production.
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